Aim/hypothesis Combination therapy targeting the major actors involved in the immune-mediated destruction of pancreatic beta cells appears to be an indispensable approach to treat type 1 diabetes effectively. We hypothesised that the combination of an orally active pan-histone deacetylase inhibitor (HDACi: givinostat) with subtherapeutic doses of CD3 antibodies may provide ideal synergy to treat ongoing autoimmunity. Methods NOD mice transgenic for the human CD3ε (also known as CD3E) chain (NOD-huCD3ε) were treated for recent-onset diabetes with oral givinostat, subtherapeutic doses of humanised CD3 antibodies (otelixizumab, 50 μg/day, 5 days, i.v.) or a combination of both drugs. Disease remission, metabolic profiles and autoreactive T cell responses were analysed in treated mice. Results We demonstrated that givinostat synergised with otelixizumab to induce durable remission of diabetes in 80% of recently diabetic NOD-huCD3ε mice. Remission was obtained in only 47% of mice treated with otelixizumab alone. Oral givinostat monotherapy did not reverse established diabetes but reduced the in situ production of inflammatory cytokines (IL-1β, IL-6, TNF-α). Importantly, the otelixizumab + givinostat combination strongly improved the metabolic status of NOD-huCD3ε mice; the mice recovered the capacity to appropriately produce insulin, control hyperglycaemia and sustain glucose tolerance. Finally, diabetes remission induced by the combination therapy was associated with a significant reduction of insulitis and autoantigen-specific CD8 + T cell responses. Conclusions/interpretation HDACi and low-dose CD3 antibodies synergised to abrogate in situ inflammation and thereby improved pancreatic beta cell survival and metabolic function leading to long-lasting diabetes remission. These results support the therapeutic potential of protocols combining these two drugs, both in clinical development, to restore selftolerance and insulin independence in type 1 diabetes.
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Introduction
Type 1 diabetes is an autoimmune disease characterised by the destruction of insulin-producing pancreatic beta cells by autoreactive CD4 + and CD8 + T lymphocytes and proinflammatory cytokines. Experimental data indicates that therapeutic efficacy is improved by combining therapies targeting effectors of the autoimmune response and directly modulating beta cell survival rates and function [1] [2] [3] [4] [5] [6] . Modulation of histone deacetylase (HDAC) activity is considered to be a potential therapeutic strategy for a variety of inflammatory diseases because of its role in energy homeostasis and metabolism, protein folding, transcription and translation. Givinostat (ITF2357) is a novel orally active pan-HDAC inhibitor (HDACi), which has been shown to inhibit the production of inflammatory cytokines by immune cells in vitro and in vivo and reduce inflammatory and autoimmune manifestations [7] [8] [9] . Interestingly, givinostat also favours beta cell survival and resistance to proinflammatory cytokines (IL-1β, IFNγ, TNF-α) [10] [11] [12] but so far no clear effect on beta cell regeneration/proliferation has been demonstrated in contrast to other epigenetic modifiers [13] [14] [15] . In vivo, oral givinostat normalised glycaemia in murine models of streptozotocin-induced diabetes [11] and sustainably reduced diabetes incidence in NOD mice when given at weaning for 100-120 days [12] . Givinostat has not been tested at a later stage of the disease, notably at disease onset, which is characterised by a massive infiltration of pancreatic islets by pathogenic T cells and ongoing beta cell destruction. At this time point, it may still display protective and antiinflammatory effects on residual pancreatic beta cells and, in combination with T cell targeted immunotherapy, could further promote diabetes remission.
The efficacy of monoclonal CD3-specific antibodies to induce long-lasting disease remission through restoration of immune tolerance has been proven in models of autoimmune diabetes [16] . Using NOD mice, we demonstrated that a short course (5 days) of CD3 antibodies reverted diabetes by resetting efficient immune regulation and a functional balance between pathogenic T cells and regulatory T cells (Tregs) [17] [18] [19] . Similarly, treatment of NOD mice transgenic for the human CD3ε (also known as CD3E) chain (NODhuCD3ε) with otelixizumab, a humanised non-Fc-binding CD3 antibody, resulted in sustained disease remission dependent on transferable Treg-mediated tolerance [20] . Phase II and III trials in individuals presenting with new-onset type 1 diabetes have shown that treatment with humanised CD3 antibodies (otelixizumab or teplizumab) efficiently preserved beta cell function, thus decreasing exogenous insulin need [21] [22] [23] [24] . However, the safety profile and long-term efficacy of CD3 antibodies need to be improved. This could be achieved through combination strategies, taking advantage of synergistic effects between individual agents while reducing the dose. These data provide a rationale for testing the efficacy of the combination of anti-human CD3 antibodies and oral givinostat in recent-onset diabetic NOD-huCD3ε mice to induce diabetes remission.
Methods
Mice NOD-huCD3ε mice were generated in the laboratory (INSERM U1151) and were obtained by speed backcross of BALB/chuCD3ε mice into the NOD background [20] . NOD-huCD3ε mice develop autoimmune diabetes, as do wild-type NOD mice, generally between 15 and 30 weeks of age. NOD-huCD3ε mice were bred under specific pathogen-free conditions with free access to food and water. Female mice were monitored twice a week for glycosuria (ACCU-CHECK DIABUR test, Roche Diabetes Care, Rotkreuz, Switzerland). Blood glucose levels > 13.9 mmol/l (250 mg/dl) (ACCU-CHECK Performa glucometer, Roche Diabetes Care) confirmed diabetes onset. Experiments were approved by the Ethics Committee of Paris Descartes University (no. 14-076) and the French Ministry of Education and Research (no. 04463.02).
Treatment
Female NOD-huCD3ε mice were treated at diabetes onset by oral givinostat and/or otelixizumab (they were randomly allocated to each group). Givinostat (ITF2357, Selleckchem, Houston, TX, USA) was dissolved in sterile drinking water (5.25 μmol/l of water) containing 1% 2-hydroxypropyl-β-cyclodextrin (Trappsol HBP, CTD Holdings, Alachua, FL, USA), as previously described [12] , and was continuously administered. Otelixizumab [25] was administered i.v. at 100 μg/ day (full dose) or 50 μg/day (subtherapeutic dose) for five consecutive days. Combined treatment consisted of subtherapeutic doses of otelixizumab (50 μg/day) and oral givinostat. 
Pancreatic islet isolation and culture for cytokine production
Pancreatic islets from NOD-huCD3ε mice were separated by density gradient centrifugation (Histopaque, Sigma-Aldrich, Lyon, France) after in situ digestion with collagenase P (Roche Diagnostics, Mannheim, Germany). Then, islets were cultured for 48 h in RMPI medium 10% FCS in 96-well plates (25 islets per well). Supernatant fractions were harvested and IL-6, TNF-α, IL-1β, IL-10 cytokines were detected by ELISA (DuoSet kit, R&D Systems, Abingdon, UK).
IFNγ ELISpot
Polyvinylidene fluoride (PVDF) plates (Merck Millipore, Guyancourt, France) were coated with anti-IFNγ capture antibody (U-CyTech, Utrecht, the Netherlands) as previously described [26] . Splenocytes were cultured at 2.5 × 10 5 per well. The CD8 + T cell epitopes IGRP 206-214 and PI-B 15-23 were used at 7 μmol/l. A CD3 antibody (145 2C11, 1 μg/ml) was used as a positive control. After a 20 h culture, IFNγ was detected using a biotinylated anti-IFNγ antibody, streptavidin-horseradish peroxidase and SigmaFAST NBT-BCIP (Sigma-Aldrich). IFNγ spot readouts were expressed as spot-forming units (SFUs)/10 6 cells.
Histology
Pancreases were fixed in 4% formalin and paraffin embedded, and 4 μm pancreatic sections were stained with haematoxylin/ eosin. Six sections for each pancreas were scored for islet infiltration (no infiltration/peri-insulitis/invasive insulitis) by experimenters blind to group assignment.
IPGTT
Mice were fasted for 15 h before intraperitoneal injection with D-glucose (2 g/kg body weight). Blood glucose was measured at baseline and after 15, 30, 60 and 120 min. Glucose clearance was defined as the percentage decrease in blood glucose 30 min after the peak (T30). In separate experiments, serum insulin levels were determined at 0, 15, 30, 60 and 120 min after glucose injection using a mouse insulin ELISA kit (Mercodia, Uppsala, Sweden).
Statistical analysis
All statistical analysis was performed using Graphpad Prism 6 software (Graphpad Software, La Jolla, CA, USA). Data are expressed as mean ± SEM. The occurrence of diabetes/ remission was plotted using the Kaplan-Meier method. Statistical comparison of the curves was performed using the logrank (Mantel-Cox) test. The Student's t test, MannWhitney test or two-way ANOVA were used as appropriate. A p value < 0.05 was considered to be statistically significant.
Results
Givinostat preserves residual beta cell function in recent-onset diabetes in NOD-huCD3ε mice through a local anti-inflammatory effect
We first evaluated in transgenic NOD-huCD3ε mice the impact of oral givinostat therapy on recent-onset diabetes (diabetic for < 3 days). We observed that givinostat (20-25 μg/day) slowed progression towards severe hyperglycaemia (Fig. 1a) , and only 34% of the treated NOD-huCD3ε mice presented blood glucose levels > 33.3 mmol/l 3 weeks after diabetes onset compared with 100% of untreated mice (Fig. 1b) . We further analysed treated mice according to their blood glucose level at diabetes diagnosis. The protective effect of givinostat was greater when the treatment was applied in diabetic mice with blood glucose levels of 13.9-22.2 mmol/l (mean 16.9 ± 1.3 mmol/l) (Fig. 1c) . In this subgroup, only 20% of mice exhibited hyperglycaemia > 33.3 mmol/l after 3 weeks of follow-up compared with 80% of mice with blood glucose levels > 22.2 mmol/l at the beginning of treatment (Fig. 1d ).
To probe for the local anti-inflammatory properties of givinostat, we quantified the production of IL-1β, TNF-α and IL-6 detected in pancreatic islets recovered from treated NOD-huCD3ε or control mice. In vivo, givinostat monotherapy significantly reduced intra-islet IL-1β, TNF-α and IL-6 levels, compared with untreated diabetic mice, to a level similar to that found in the pancreatic islets from 12-week-old non-diabetic NOD-huCD3ε mice ( Fig. 1e-g ). In contrast, production of the immunomodulatory cytokine IL-10 was significantly increased after oral givinostat (Fig. 1h ). In line with these results, we found that mice treated with givinostat monotherapy showed less invasive insulitis compared with untreated diabetic mice (33% vs 61%, p = 0.002) (Fig. 2b ).
Givinostat synergises with otelixizumab to induce remission of diabetes in NOD-huCD3ε mice Next we evaluated whether combining oral givinostat with a short course of subtherapeutic doses of anti-human CD3 antibodies (otelixizumab) improved rates of hyperglycaemia Treatment of recent-onset diabetes in NOD-huCD3ε mice with oral givinostat slowed progression towards severe hyperglycaemia and reduced in situ islet inflammatory cytokines. (a) Mean ± SEM blood glucose in diabetic NOD-huCD3ε mice left untreated (squares, n = 9) or continuously treated with oral givinostat (circles, n = 13); ***p < 0.001. (b) Percentage of NOD-huCD3ε mice untreated or treated with oral givinostat and exhibiting blood glucose levels > 33.3 mmol/l; *p < 0.05. (c, d) Diabetic NOD-huCD3ε mice treated with givinostat were divided into subgroups of mice showing either low (13.9-22.2 mmol/l; white circles, n = 6) or high (> 22.2 mmol/l; black triangles, n = 7) blood glucose levels. (c) Mean ± SEM blood glucose in each subgroup; **p < 0.01. (d) Percentage of mice reaching blood glucose levels > 33.3 mmol/l in each subgroup; *p < 0.05. (e-h) Cytokine secretion. Pancreatic islets were isolated from 12-week (wk)-old non-diabetic, untreated diabetic or givinostat (Givi)-treated diabetic NOD-huCD3ε mice (after 3-4 weeks of treatment) (n = 5-9 per group). Islets were cultured at 37°C for 48 h and supernatant fractions were collected. Concentrations of (e) IL-1β, (f) IL-6, (g) TNF-α and (h) IL-10 were determined by ELISA; *p < 0.05 reversal in new-onset diabetes in NOD-huCD3ε mice. Fulldose otelixizumab (100 μg/day) induced sustained disease remission in 74% of the treated mice (n = 23) (Fig. 2a) . Conversely, continuous administration of givinostat alone (20-25 μg/day) normalised hyperglycaemia in only 8% of mice (1/13). We defined a subtherapeutic dose of otelixizumab (half dose: 50 μg/day) that induced 47% remission (n = 15). Combining this subtherapeutic dose of otelixizumab with givinostat significantly improved rates of hyperglycaemia reversal, which was achieved in 80% of treated NOD-huCD3ε mice (n = 26) (p < 0.0001 between untreated diabetic mice and otelixizumab + givinostat-treated mice) (Fig. 2a) . This effect was sustained, lasting at least 8 weeks after therapy. Progressive reversal of hyperglycaemia started between 7 and 15 days after treatment initiation and the mean blood glucose level of mice in remission was reduced from 18.7 ± 3.2 mmol/l prior to treatment to 8.6 ± 1.8 mmol/l. No signs of toxicity related to treatment with otelixizumab + givinostat (weight loss, altered behaviour, fur loss, or urine and stool discoloration) were observed. Histological analysis revealed that NOD-huCD3ε mice treated with otelixizumab + givinostat had significantly fewer islets showing destructive insulitis compared with diabetic mice (19% vs 61%, p < 0.001) (Fig. 2b) . They also displayed reduced peripheral insulitis compared with NOD-huCD3ε mice treated with otelixizumab monotherapy (18% vs 32%, p = 0.039).
To investigate whether continuous administration of givinostat was required to sustain the therapeutic effect, oral givinostat was withdrawn after 3 or 9 weeks of treatment. In both situations, remission of diabetes was maintained in NOD-huCD3ε mice for at least 6 additional weeks (see ESM Fig. 1a,b) .
Otelixizumab + givinostat treatment rescues islet beta cell function and recovers glucose tolerance and insulin secretion
To assess the metabolic impact of the different treatments on beta cell function, we performed IPGTTs. As expected, glucose tolerance and insulin secretion were completely abnormal in untreated diabetic NOD-huCD3ε mice (glycaemia > 13.9 mmol/l at all time points analysed) (Fig. 3a-c) .
Mice that achieved remission with subtherapeutic doses of otelixizumab regained responsiveness to a glucose challenge and showed better blood glucose clearance compared with mice treated with subtherapeutic doses of otelixizumab that remained diabetic (hyperglycaemic). Importantly, we observed that NOD-huCD3ε mice in remission for 8-10 weeks after otelixizumab + givinostat therapy improved their metabolic profile, insulin secretion (fasting and after glucose challenge) and glucose clearance (Fig. 3a-c) . The combination therapy normalised fasting glycaemia (mean 4.7 ± 0.9 mmol/l) and T120 blood glucose (mean 7.8 ± 1.3 mmol/l) (Fig. 3a) and restored efficient insulin secretion compared with diabetic mice (p = 0.032 at 15 min) (Fig. 3c) . Blood glucose clearance reached levels similar to that of 12-16-week-old non-diabetic mice and of mice showing impaired glucose tolerance (35% vs 44% and 33%, respectively) (Fig. 3b) . Impaired glucose tolerance was defined by a 1 h blood glucose level > 10 mmol/l and normal fasting blood glucose in NOD-huCD3ε mice that did not present glycosuria. The combination treatment also restored insulin secretion better than otelixizumab monotherapy in mice in remission (non-significant trend) (Fig. 3c) . Although givinostat-treated mice showed very low (wk)-old non-diabetic (n = 4) and untreated diabetic (Diab; n = 8) NODhuCD3ε mice and from NOD-huCD3ε mice treated with otelixizumab (50 μg) (n = 15), givinostat (n = 9) or otelixizumab + givinostat (n = 19) (8 weeks after diabetes onset and CD3 antibody treatment). Pancreases were fixed and stained with haematoxylin and eosin. Pancreatic islets were scored for the presence of mononuclear cell infiltration and the percentage of intact islets (white bars) or islets showing peripheral (grey bars) or invasive insulitis (black bars) was calculated insulinaemia and altered glucose clearance, they had normal fasting blood glucose (mean 5.2 ± 1.3 mmol/l) and better controlled hyperglycaemia at T120 (mean blood glucose 14.8 ± 2.6 mmol/l) compared with untreated diabetic mice (mean 21.9 ± 1.9 mmol/l) (Fig. 3a) .
The otelixizumab + givinostat combination reduces T cell response to beta cell autoantigens
CD8
+ T cell IFNγ responses (ELISpot) towards the immunodominant pancreatic beta cell peptides IGRP [206] [207] [208] [209] [210] [211] [212] [213] [214] and PI [15] [16] [17] [18] [19] [20] [21] [22] [23] were significantly reduced in NOD-huCD3ε mice treated with otelixizumab + givinostat compared with untreated diabetic or givinostat-treated mice (Fig. 4a,b) . Of note, otelixizumab monotherapy decreased responses to IGRP 206-214 but not PI [15] [16] [17] [18] [19] [20] [21] [22] [23] . Responses to polyclonal stimulation (CD3 antibodies 145 2C11) were comparable between all groups (Fig. 4c) . Pancreatic lymph nodes (pLNs) of NOD-huCD3ε mice treated with the combination therapy also displayed decreased proportions and absolute numbers of autoreactive CD8 + T cells specific for the PI [15] [16] [17] [18] [19] [20] [21] [22] [23] or IGRP 206-214 peptides compared with the other groups (tetramer staining, Fig. 4d-g ). Variable but significant numbers of PI 15-23 -specific CD8 + T cells were detected in mice treated with otelixizumab alone (statistically comparable with that measured in untreated mice).
Finally, increased proportions (within the CD4 + T cell compartment) of CD4 +
FOXP3
+ T cells (Tregs) were similarly observed in the spleen and pLNs of NOD-huCD3ε mice 1 month after treatment with either otelixizumab + givinostat or otelixizumab alone (ESM Fig. 2a,c) . Such an increase was not noticed after givinostat monotherapy. However, absolute numbers of Tregs were not statistically different in all groups tested (ESM Fig. 2b,d ). This result is in accordance with the well-known property of CD3 antibodies to preferentially deplete activated effector T cells while sparing Tregs [18, 27, 28] . Two months after otelixizumab treatment, Tregs were returned to normal levels, both in terms of absolute numbers and proportions in the spleen and pLNs of treated mice (ESM Fig. 2a-d) .
In connection with the IL-10 production observed in givinostat-treated mice (Fig. 1h) , we searched for the presence of regulatory type 1 (Tr1) cells, characterised by coexpression of CD49b and lymphocyte-activation gene 3 (LAG-3) [29] and by their capacity to produce high amounts of IL-10. Very few Tr1 cells were detected in the spleen, pLNs and pancreas of NOD-huCD3ε mice treated with combination therapy or givinostat or otelixizumab monotherapy, or untreated mice (ESM Fig. 3a) . In addition, total IL-10 production by CD4 + T cells was very low and did not increase following administration of givinostat and/or otelixizumab (ESM Fig. 3b ). Otelixizumab + givinostat combination therapy improves glucose tolerance and insulin secretion in NOD-huCD3ε mice. (a) IPGTTs were performed with glucose 2 g/kg in 12-16-week (wk)-old non-diabetic NOD-huCD3ε mice (n = 18) or diabetic NOD-huCD3ε mice left untreated (diabetic, n = 16) or treated with givinostat (Givi, n = 11), otelixizumab (Otelixi, 50 μg) (n = 4 in remission; n = 3 still diabetic) or otelixizumab + givinostat (n = 8 in remission). Transgenic mice showing impaired glucose tolerance were also included (n = 4). Data are presented as mean ± SEM measured 15, 30, 60 and 120 min after glucose injection; *p < 0.05 and **p < 0.01 for otelixizumab + givinostat and otelixizumab (50 μg) groups vs untreated group, respectively, at T120; *p < 0.05 for givinostat-treated mice vs untreated diabetic mice at T120. (b) Measurement of glucose clearance (i.e. percentage decrease in blood glucose level 30 min after the peak). Data are presented as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001. (c) Insulin secretion was measured in the serum of treated or untreated NOD-huCD3ε mice subjected to an IPGTT; *p < 0.05 and **p < 0.01 vs untreated diabetic mice at T15
Discussion
Data gathered from experimental and clinical immune intervention studies point to the necessity of combination therapy to successfully cure type 1 diabetes. This could be achieved by simultaneously targeting different key immune players, such as antigen-presenting cells and T cells (pathogenic and/or Tregs), and by administering drugs that improve beta cell function/mass together with immune modulators. Such a strategy has been shown to be successful as the combination of exendin-4, a glucagonlike peptide receptor agonist, with CD3 monoclonal antibodies or anti-lymphocytes serum improved diabetes remission rates in NOD mice by enhancing recovery of residual beta cells as well as insulin content and release from beta cells [1, 2] .
In the present study, we took advantage of the welldescribed protective effect of givinostat, a HDACi, on pancreatic beta cells. Indeed, in mouse, rat and human islets and in beta cell lines, givinostat prevents cytokineinduced beta cell death and preserves beta cell function by reducing the expression of the IFNγ -inducible chemokines CXCL9 and CXCL10, expression of nitric oxide synthase (iNOS) and production of nitric oxide through the inhibition of NF-κB transcriptional activity and extracellular signal-regulated kinase (ERK) phosphorylation [11, 12, [30] [31] [32] . Accordingly, we observed that givinostat could, by itself, improve glucose tolerance in recent-onset diabetic NOD-huCD3ε mice, which is probably related to the combined anti-inflammatory effects exerted at both the immune cell and islet levels [12] and/or to an increased sensitivity to insulin. Indeed, givinostat, like most agents that inhibit HDAC, has demonstrated potent anti-inflammatory properties both in vitro and in vivo. Givinostat inhibited the production of proinflammatory cytokines by concanavalin A-stimulated splenocytes or by lipopolysaccharide (LPS)-stimulated peritoneal macrophages and reduced LPS-induced in vivo systemic inflammation [9, 11, 12] . Similarly, we found that ex vivo intraislet secretion of IL-1β, IL-6 and TNF-α by immune cells was decreased in NOD-huCD3ε mice treated with oral givinostat; in contrast to IL-10, which was increased. Interestingly, Il10 gene expression was increased in the spleen of NOD mice treated with another pan-HDACi (vorinostat) from weaning [12] . The capacity of HDAC inhibitors to promote IL-10 while inhibiting inflammatory cytokines was recently confirmed in vitro on epithelial, fibroblast and myogenic cell lines, as well as in vivo in response to silicone breast implants in mice [33] . Although the role of IL-10 in diabetes remission remains to be determined, our results suggest that pancreatic islets switched from a proinflammatory to an anti-inflammatory microenvironment upon givinostat treatment.
Our previous work suggests that givinostat does not exert its actions at the histone level as we did not detect any effects of HDACi treatment on histone acetylation in NOD mice [12] . In addition, we found that givinostat reduced beta cell and peritoneal macrophage inflammatory gene expression, contrary to the dogmatic view that histone hyperacetylation leads to an open chromatin structure and transcriptional activation [12] . Transcriptomic analysis of HDACi-treated beta cells and macrophages strongly pinpoints NF-κB as the key regulating node and we found that the NF-κB subunit p65 was hyperacetylated in beta cells exposed to givinostat [12] . This hyperacetylation prevented p65 from binding inflammatory gene promoters providing a mechanistic explanation for the above observations. The anti-inflammatory effects of HDACi have been demonstrated in vitro in model systems using either insulin-producing cells, isolated islets devoid of immune cells or purified leukocytes, strongly indicating that the HDACi anti-diabetic action is exerted at both the immune system and islet level [10-12, 30, 31, 34] .
Although oral givinostat efficiently targeted islet inflammation and promoted beta cell function, it was not sufficient to reverse established disease in NOD-huCD3ε mice. Sustained diabetes remission was achieved when givinostat was combined with a short course of subtherapeutic doses of humanised CD3 antibodies (otelixizumab). Such a combination regimen favoured pancreatic beta cell survival, secretory function and resistance to inflammation. It improved the overall metabolic status of treated mice that recovered their capacity to secrete increased amounts of insulin, control hyperglycaemia and sustain glucose tolerance.
In addition, our data suggest that givinostat treatment improved responses to CD3 antibody immune therapy. Administration of subtherapeutic doses of otelixizumab combined with givinostat drastically reduced CD8 + T cell IFNγ responses towards the immunogenic PI [15] [16] [17] [18] [19] [20] [21] [22] [23] and IGRP 206-214 peptides, and very low frequencies and absolute numbers of CD8 + T cells specific for these peptides were detected in the pLNs compared with untreated diabetic NOD-huCD3ε mice. Interestingly, as already described [20] , responsiveness towards PI (but not IGRP) is sustained after CD3 antibody monotherapy; NODhuCD3ε mice treated with otelixizumab alone still display significant numbers of PI-specific CD8 + T cells and potent IFNγ responses specific to PI. Thus, the combination with givinostat contributed to reduce tissue inflammation and provided a more complete and sustained downregulation of autoreactive T cell responses. Such an impact on autoimmune responses was not reported when CD3 antibodies were combined with exendin-4 [2] . Consistent with recent publications from our group and others, this unresponsiveness may be associated with the presence of anergic or exhausted-like T cells expressing inhibitory receptors, such as programmed death 1 (PD-1)/programmed death-ligand 1 (PD-L1)/LAG-3/T cell immunoreceptor with Ig and ITIM domains (TIGIT), as well as the transcription factor eomesodermin (Eomes) [35] [36] [37] . Another field of investigation concerns the impact of the combination therapy on glucose metabolism as CD3 antibodies have been shown to downregulate the expression of components of the glycolysis pathway, such as the glucose transporter GLUT1, in effector T cells and HDACi are able to inhibit GLUT1-mediated glucose transport [37, 38] .
In our model, we did not notice any significant effect of givinostat on CD4 + FOXP3 + Tregs. Absolute numbers and proportions are similar in untreated and givinostat-treated NOD-huCD3ε mice. We and others have previously demonstrated that FOXP3 + Tregs are preserved from the CD3 antibody depleting effect, which mostly targets activated effector CD4 + and CD8 + T cells [18, 27, 28, 37] . Consequently, Treg frequency in the CD4 + T cell compartment increases after CD3 antibody therapy. This is what we observed in the present study 1 month after treatment with otelixizumab alone or in combination; however, absolute Treg numbers were constant. By 2 months (i.e. a time point where the T cell compartment has fully reconstituted), Treg proportions and absolute numbers were similar in all groups, showing that givinostat did not further promote Treg expansion in contrast to what was reported when it was administered at weaning [12] . Such a difference may be related to the therapeutic window. We also did not find any evidence in the spleen or pLNs for the presence of Tr1 cells, another regulatory CD4 + T cell subset induced in response to IL-10 and that act in an IL-10-dependent manner [29, 39, 40] . The possible and preferential induction of Tr1 cells in the small intestine of treated mice remains to be investigated.
Therefore, our data indicate that givinostat and otelixizumab acted in synergy to restore immune tolerance within pancreatic islets where, complementary to otelixizumab-mediated elimination of pathogenic effector T cells, givinostat favoured beta cell survival and recovery of secretory function in a non-inflammatory environment. A continuous supply of givinostat was not required to sustain the therapeutic effect, suggesting a critical role in the early phase of tolerance induction at the time of CD3 antibody therapy.
In terms of clinical translation, the combination of an HDACi and CD3 antibodies offers several advantages. First, humanised CD3 antibodies have been tested in individuals with type 1 diabetes. Promising results have been obtained in phase II and III trials in terms of preservation of the insulin secretory capacity, resulting in reduced insulin need [21] [22] [23] [24] . Second, givinostat is administered orally and its therapeutic effect is currently being evaluated in a wide range of indications. A phase II study in active systemic onset juvenile idiopathic arthritis showed that a low oral dose of givinostat achieved significant reductions in joint and systemic inflammation with no organ toxicity [41] . In addition, there is a growing interest in the use of an isoform-selective HDACi, which may have a more tailored and safer effect than a pan-HDACi. HDAC3 inhibition, using siRNA knockdown or pharmacological agents, was shown to be effective for protecting pancreatic beta cells from cytokine-induced apoptosis and improved both islet size and insulin sensitivity and secretion without haematological adverse effects [34, [42] [43] [44] [45] . Accordingly, conditional HDAC3 ablation in beta cells of adult mice increased insulin secretion and improved glucose metabolism, supporting the finding that HDAC3 is a major regulator of gene transcription in beta cells [46] . Furthermore, HDAC7 may also be a potential target as a recent study showed that HDAC7 was overexpressed in the islets of individuals with type 2 diabetes, and this correlated with impaired insulin content and secretion [47] . HDAC7 inhibition restored glucose-stimulated insulin production in an HDAC7-overexpressing beta cell line [47] .
In conclusion, our data strengthen the therapeutic potential of a small molecule HDACi in resolving chronic autoimmune inflammation in type 1 diabetes and further consolidating the therapeutic efficacy of combination treatments that simultaneously target T cells and protect pancreatic beta cells.
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